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Dissertation Organization

This dissertation is divided into two main subjedtssoil testing methodology and 2.
soil test interpretation. This dissertation isamged into four chapters. The first chapter is a
general introduction and review of the literatugkevant to this dissertation. The second
chapter is a manuscript of the soil testing methmgloexperiments entitled, ‘Calcium
carbonate affects the determination of exchangeatiens and cation exchange capacity.’
The third chapter is a manuscript of the greenhexperiments evaluating the basic cation
saturation ratio theory of soil test interpretateriitied, ‘Basic cation saturation ratio theory
applied to sand-based putting greens.” The fothtpter reviews the overall results and

conclusions drawn from both manuscripts.



General Introduction
Soil Testing Methodol ogy

Many golf course greens and sports fields utdiaed-based rootzones for their
beneficial physical properties (Snow, 1993). Shaded root zones are less likely to
compact than soil-based rootzones, and they haategrwater and air infiltration rates.
However, the chemical properties of sand-basedoneis are often less desirable than soil-
based rootzones. The water and nutrient holdipga#es are greatly reduced compared to
soil-based media. The cation exchange capaciE€] of sand-based rootzones can vary
from less than 1 up to 6 caelg™ (Christians, 1990). Because of the low nutriesitimg
capacity and high water infiltration rates, sanddzhsystems are best fertilized using light
and frequent fertilizer applications, often calgmbon-feeding. To ensure proper
fertilization, turf managers must use every todikble to them, including accurate soil tests
to monitor the fertility status of the soil.

Analyzing the plant-available nutrient status afod requires using an extractant.
Water can be used as a simple extractant. Thisades commonly called the saturated
paste measurement. It assesses the soluble afhly dissolvable salts fractions of plant-
available nutrients in the soil. In this procedwemall amount of deionized water is added
to a soil sample to make a paste or slurry, and the water is filtered, centrifuged or
siphoned off for determination of nutrients. Siigis technique analyzes such a small
portion of the total plant available nutrientssidifficult to accurately asses the ability of a

soil to supply nutrients for a wide variety of syipbes and textures. Moreover, the soluble



and readily dissolvable nutrient fractions are gdmvary widely and change rapidly.
Saturated paste measurements are generally ndiywisked for turfgrass soil analysis.

It is more desirable to asses the nutritional stafithe exchangeable fraction of
nutrients held on charged sites within the soib. db this, a chemical extractant must be used
to analyze exchangeable cations. Typically, asamtple is saturated with a solution
containing a high concentration of an index catlixe, ammonium (NH') that has a strong
affinity for exchange sites. After several equiittons with the saturating solution, the index
cation will replace all the other cations on thelenge sites and they can be collected and
measured.

In addition to measuring the plant available nuttse knowing the CEC of a soil can
help in determining the size and frequency of liedr applications. This is particularly true
on sand-based systems that generally have a low D&&common methods for estimating
CEC in soils include performing a double extractioethod or using a summation of
exchangeable cations to estimate an effectivercattahange capacity, ECEC. The double
extraction approach uses two solutions, a satyrawtution, followed by an extracting
solution. The saturating solution is fairly contated with a known index cation (e.g.

NH."). The soil sample is saturated several times thi¢hsaturating solution replacing all of
the exchangeable cations in the soil with the inclion. The second solution, the
extracting solution, is a concentrated solutioa second cation that has a greater affinity for
the exchange sites than the first saturating cdéan Md"). The soil plus index cation is
equilibrated several times with the extracting solu In this example, the Mgwill

displace the Ni and the NH' concentration can be measured in the collectadetant.

The CEC is calculated by calculating the conceiatnasf the index cation (NH) and its



total charge per unit of soil. The total chargarirthe index cation is equal to the exchange
capacity of the soil and is reported in moles argle per weight of soil, typically
cmok-100g™.

The second approach is to estimate the CEC by gddgether all of the extractable
cations measured. This technique is known as @féecation exchange capacity (ECEC).
The exchangeable cations are measured as desbobe, and the charges associated with
them are added together to give an estimateddbgalye capacity for the soil.

Unfortunately, many soil test report forms do niftedentiate as to whether they are
reporting ECEC or CEC, and there can be differentealue between the two methods.

One of the largest problems with the proceduresnmeasuring exchangeable cations
and CEC is the dissolution of carbonate and subfased soil particles during the solil testing
process. Frequently, limestone-based (Cg@énds are used for construction of golf course
greens and sports fields. These sands have vagyegtities of CaC@and MgCQ ranging
from 1% to 40% by weight (Christians, 1990) and #rerefore, termed calcareous.

Ammonium acetate (NMDAc) pH 7.0 is an industry standard for measuring
exchangeable cations, CEC and ECEC. The¥t pH 7.0 extractant is known to dissolve
carbonates and sulfates and is not recommendethédysis of calcareous or gypsiferous
soils (Rhoades, 1982; Suarez, 1996, Sumner aneénill996; Normandin et al., 1998; St.
John, et al., 2003). Dissolution of soil partidize CaCQ will add extra C&' ions into the
collected soil extract and will overestimate theleangeable Ca concentrations. If an ECEC
is created by summing the exchangeable catiorssdibsolution will also inflate the ECEC
values. Finally, basic cation saturation percesdaand cation equivalent ratios will also be

erroneous. Dissolution of calcareous or gypsifenoarticles of sand samples from putting



greens or sports fields is going to greatly infleethe results compared to soil-based
samples that contain much larger clay and orgamittenfractions.

The objectives of the first manuscript includedhis dissertation are to evaluate
different soil testing procedures for analysisarid based samples from putting greens, and

to determine the best possible methods for excleotgeation and CEC analysis.

Soil Test Interpretation

The second part of this research deals with ssilitgéerpretation, specifically, the
Basic Cation Saturation Ratio (BCSR) theory. Traeetwo main methods for interpreting
soil test results, sufficiency level of availabl&ments (SLAN) and BCSR (Eckert, 1987).
The SLAN method utilizes a set of defined conceittng of each nutrient as sufficiency
levels. If a soil extractable nutrient concentratis below the sufficiency level, it is highly
probable that the crop will respond favorably frtertilizer application. If the soil
extractable nutrient concentration is above th&éaenhcy level, it is said to be adequate for
proper growth and yield. The SLAN method interprstil nutrient status based on the
following guidelines. The nutrient is said to bethe ‘Low Range’ when there is 80-100%
chance that applying the nutrient will cause thedo respond favorably, in the ‘Medium
Range’ when there is a 50% chance for responseummiement fertilizer applications may
be needed in the near future, in the ‘High Randenvthere is little or no chance for crop
response from nutrient application, or in the ‘Veéligh Range’ when applying more of that
nutrient may reduce growth (Carrow et al., 2004).

The BCSR theory is based upon the belief that tiseae ideal ratio of soil nutrients

rather than a minimal nutrient concentration thasts for optimal plant growth. This leads



to one of the major problems of the BCSR theorg dven if the exchangeable cations are in
the correct proportions, a nutrient deficiency sath be present, thus, limiting growth and
yield. A second problem with BCSR is that it triesapply the ideal ratio to all crops on all
soils. Sufficiency levels of SLAN have been detead for many crops by researching each
crop on a variety of soil types and are continuafyng updated with new information as
research progresses, whereas the BCSR theory hasless field based research.

The BCSR theory was proposed in the late 1940'ebgarchers investigating alfalfa
growth in New Jersey (Bear et al., 1945; Bear aoith,T1948; Hunter et al., 1943; Hunter,
1949; Price et al., 1947). They proposed thanogitgrowth and yield would be achieved
when the cations, calcium (Ca), magnesium (Mglagstm (K), and hydrogen (H) occupied
the cation exchange sites in the exact percentag@s%, 10%, 5% and 20%, respectively.
From these saturation percentages, they devel@iemhequivalent ratios of Ca:Mg 6.5:1,
Ca:K 13:1, and Mg:K 2:1. Graham (1959) later exjeththe exact saturation percentages to
65-85% Ca, 6-12%Mg, 2-5%K. Graham’s ranges ofgmmages are the current adopted
values for the BCSR theory. However, many BCSRBrpretations are still done using the
precise cation ratios of 6.5:1, 13:1 and 2:1, nathan making interpretations on a range of
ratios that could be created from Graham'’s pergastaCa:Mg 5.4:1 — 14:1, Ca:K 13:1 —
42.5, and Mg:K 1.2:1 - 6:1.

The BCSR theory has been debated for the last &3 ydost of the research to date
finds that the exact ratio of cations is not ovemportant, and it is more important that one
cation does not exist in such an over-abundanttgqudhat it limits the uptake of other

cations (Stevens, et al., 2005; Abedin et al., 1928tain, 1993; Eckert, 1987; Sartain, 1985;



McLean et al., 1983; Eckert and McLean, 1981; Laidh 1981; Simson et al., 1979). Yet,
use of the BSCR theory and questions about itslitxaktill remain.

Recently, the BSCR theory has seen an increasseinpossibly due to specialty
fertilizer manufacturers trying to apply the thetwoyaid in sales of their products. The
objectives of the second half of this dissertatiomto better understand the BCSR theory

and to determine the validity of applying it to damsed putting greens and athletic fields.
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Calcium Carbonate Affects the Determination of Exclangeable Cations

and Cation Exchange Capacity

RA. &. John, N.E. Christians, H.G. Taber
Abstract
Some soil testing procedures dissolve calcium caatsoor gypsum, which will cause
increased readings of extractable calcium. Thasalution will also increase the estimated
cation exchange capacity (ECEC) when the catioms@mmed together. On soils with large
proportions of clay and organic matter, this diggoh problem usually has a small affect on
the results, but in the high-sand, low-organic-erattalcareous root zones used for
construction of some putting greens and sportddjghe dissolution of calcium carbonate
can greatly influence the results. Raising theopkhe standard ONd ammonium acetate
(NH4OAC) extracting solution from pH 7.0 to pH 8.1 redd the dissolution of CaGO
measured by 33%. Measuring the CEC by the douttaction CaCl/Mg(NOs), method
produced CEC values that were 87% smaller thak@t#C calculated from NM¥DAc pH
7.0. For measuring exchangeable cations of calaarer gypsiferous sand samples, the
NH4OAc at pH 8.1 offered the best results along wéthkecof analysis. Cation exchange
capacity determinations of calcareous or gypsifesands should be done using a double
extraction technique and should not be estimatethlpulating an ECEC. Silica sand
samples can be analyzed using/Ac pH 7.0 or Mehlich 3 for exchangeable cationg an

summing of cations for ECEC calculation.
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Introduction

Many golf course putting greens and sports fielilize sand-based rootzones based
upon USGA specifications United States Golf Assoam(USGA) (Snow, 1993). Sand
rootzones are chosen for their beneficial phygcaperties, like good water and air
infiltration rates and reduced capacity for commact Unfortunately, sand-based rootzones
can have some less than desirable chemical preperiihese sand rootzones have very low
cation exchange capacities (CEC), ranging from @& ¢molcekg" (Christians, 1990). The
small CEC has a limited ability for holding nutrisntherefore, care must be taken when
applying fertilizers to limit the possibility foehching while maintaining adequate nutrition
for growth and aesthetics.

Additionally, many sands used for constructioncaleareous. Calcareous soils are
created from the weathering of rocks, like limest¢@aCQ), or shells that contain different
forms of carbonates. The solubility of Cagi®affected by pH and carbon dioxide (§0
concentrations. Due to the relationship betweeB@aCO,, COs* (carbonates) and HGO
(bicarbonates), the soil solution of calcareousisand soils is usually buffered at
approximately pH 8.2. This alkaline pH can linnetavailability of several nutrients like
phosphorus (P), iron (Fe), and manganese (Mn).

For these reasons, frequent soil testing to assesutritional status of sand-based
growing media is a necessity. Unfortunately, thiétesting procedures generally used to
measure exchangeable cations and CEC may not belipghaccurate results. Ammonium
acetate (NHOAC) pH 7.0 is one method that is frequently usedchieasuring exchangeable
cations and estimating CEC by the summation oetthangeable cations, called effective

cation exchange capacity (ECEC). Because thgOWd pH 7.0 extracting solution has a
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near neutral pH, is strongly buffered, and hadatively high ionic strength, carbonates and
gypsiferous particles will dissolve, and it is netcommended for calcareous soils (Rhoades,
1982; Sumner and Miller, 1996; Normandin et al98;9t. John, et al., 2003). Itis
important to note, that the exchangeable catioresored from the NFDAc pH 7.0

procedure are commonly added together to give daEBut, if the procedure is dissolving
CaCQ, MgCG;, or other particles containing cations, the ECEIClve overestimated. This
is especially important when dealing with sand-dag®ens. On soils with large proportions
of clay and organic matter, this dissolution prablesually has a small affect on the results,
but in the high-sand, low-organic-matter, calcasmot zones used for turf, the dissolution
of calcium carbonate can greatly influence theltestAny errors due to dissolution of
carbonates are going to greatly change the ECEDaggeable cations, cation ratios, and
the interpretation of the results needed for depiatpa fertility program.

There are two ways to approach this problem ofodlis®n, limit the dissolution or
make corrections for it. Some common ways to lioniprevent dissolution include raising
the pH and/or lowering the ionic strength of thé&r@sting solution. One correction-type
procedure, NECI method (Suarez, 1996), measures the carbondtsudphate concentration
in the soil extracts and relates those concentraitio dissolved CaGand CaSQ
respectively (Suarez, 1996). These amounts canldbesubtracted from the total
exchangeable Ca measured.

Methods have been developed for measuring exchhigeations and CEC in
calcareous or gypsiferous soils (Papanicolaou, 1RRdéades, 1982; Suarez, 1996; Sumner
and Miller, 1996; Pierce and Morris, 2004), butythave not been adopted by routine testing

laboratories due to cost or labor restrictionse dhjectives of this research were to



13

demonstrate the variability of exchangeable caioth CEC measurements of standard soil
testing procedures by quantifying the effects dioan carbonate on different soil testing
procedures, and to make recommendations for stihtemethodology for calcareous or

gypsiferous sand samples from turfgrass areas.

Materials and Methods

An initial comparison of methods for exchangealaltons was performed on a
collection of 19 different sand/soil samples cdlecfrom Ames, IA. The samples ranged
from a USGA sand-based green to Nicollet (fine-lgamixed, mesic Aquic Hapludoll) to a
1/3 peat, 1/3 sand and 1/3 Nicollet soil. The damwere analyzed using 0SNH,OAc pH
7.0 and 8.1, 0 NH,Cl and Mehlich 3 according the procedures listddwe

A set of ‘manufactured’ sand samples was createduantifying the effect of
CaCQ on different analysis techniques for measuringhargeable cations, and CEC.
Twenty four sand samples were created in the |latigrasing a silica sand base (Unimin
Corporation, Portage, WI) and adding increasinggaiages of either a lab-grade CaCO
(Fisher Scientific C64-500 CAS 471-34-1) or a localcareous sand (Table 1). The CaCO
percentage of the calcareous sand was determiagahggtrically (Loeppert, R.H. and D.L.
Suarez, 1996). The calcareous sand had 11% ¢€aCO

The extraction techniques for exchangeable catiGaE; and ECEC performed in
this study are listed in Tables 2 and 3. The amumracetate (NEDAC) pH 7.0 and 8.1
followed similar procedures. The extraction san$ were prepared according to referenced
methods by Suarez (1996). A 5g sand/amendmentlesamas weighed into a 50 ml

polypropylene centrifuge tube to which 33 ml ofrexting solution was added. The tubes
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were then shaken for 30 min, centrifuged for 10,ramd then the supernatant was filtered
through a Whatman 42 paper into a 100 ml voluméek. The process was repeated 2
more times, and the extractant was brought to 1l0dblame. Exchangeable cations were
determined by using inductively coupled argon plasmission (ICAP) techniques (Jones,
1977; Munter and Grande, 1981) on an IRIS/AP Duwe(mo Jarell-Ash, Franklin, MA)
with a charged injection device (Epperson et &88).

The ammonium chloride (N|€l) method is very similar to the NBAc methods.
The NH,CI solution was produced according to Suarez (199®kn, extraction of the
exchangeable cations followed the same proceduteedsH,OAc methods, above. Five
grams of soil was equilibrated 3 times with MH solution, centrifuged, and filtered for a
final volume of 100 ml. Extractable cations wereasured from the collected extractant.
After which, sub-samples of the extractant werdyarea for alkalinity and sulfate
concentration determinations. The sum of the adkgland sulfate can be related to the Ca
dissolved from CaC@and CaSQ respectively, and is subtracted from the exchalbigeCa
concentration.

The Mehlich 3 solutions were produced accordinthéoprocedure detailed by
Mehlich (1984). A 2.5 g sand/amendment samplew&ghed into a 50 ml polypropylene
centrifuge tube to which 25 ml of Mehlich 3 extiagtsolution was added. The tubes were
shaken for 15 min, centrifuged for 5 min and fid@through a Whatman 42 paper.
Exchangeable cations were determined by ICAP aisalys

The saturated paste/water extraction procedurdaillasved according to the method
published in the Soil Analysis Handbook of RefeeeMethods (Soil and Plant Analysis

Council, 2000). A 5 g sand/amendment sample waghed into a 50 ml polypropylene
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tube to which 25 ml of DI water was added. THeetwas then shaken for 30 min, allowed
to rest for 10 min and then filtered through a Winaat 42 paper. Cations were analyzed by
ICAP.

The exchangeable cations determined from theO¥t¢ pH 7.0 and 8.1, Nk€l, and
Mehlich 3 extractions were summed to created EC&lGes. Two more procedures were
used for a more direct CEC measurement, &BQI(NOs), (Sumner and Miller, 1996) and
NaOAc-NaCl/Mg(NQ). (Rhoades, 1982).

The procedure described by Sumner and Miller veapmed as follows: a5 g
sample of the sand/amendment was placed into a HOlgpropylene centrifuge tube to
which 33 ml of the 0.1 CaCl - 0.012%/1 CaSQ saturating solution was added. The tubes
were shaken for 15 min, centrifuged for 5 min, #meh the supernatant was discarded. This
process was repeated 2 more times. The tubesthenrdilled with 33 ml of 0.1
Mg(NOs),, shaken for 15 min, centrifuged for 5 min, andsbpernatant was filtered
through a Whatman 42 paper into a 100 ml voluméaek. This process was repeated 2
more times and the final extractant was broughito® ml volume. Calcium and Mg were
determined from the extractant by ICAP analysis.

The NaOAc-NaCl/Mg(NG), (Rhoades, 1982) procedure consisted of placing® g
the sand/amendment sample into a 50 ml polypropytemtrifuge tube. Then 33 ml of the
0.4M NaOAc — 0.M NaCl, 60% ethanol, pH 8.2 saturating solution added. The tubes
were placed on the shaker for 15 min and centrddge5 min. The supernatant was
discarded, and the process was repeated 2 more. tifeer which, 33 ml of 019
Mg(NOs), extracting solution was added. The tubes werkeshtor 15 min, centrifuged for

5min, and filtered through a Whatman 42 paper &ani®0 ml volumetric flask, and repeated
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2 more times. The resulting extractant was brotgkblume and Na and Mg were

determined by ICAP.

Results

Raising the pH of the ammonium acetate solutiomfi7.0 to 8.1 reduced the Ca
concentration of the solil extracts an average &6 8Bable 4). The NECI procedure
measured an average 16% less Ca than th®NEIpH 7.0 extraction procedure (Table 4).

The affects of CaC¢on the 5 different soil test techniques for measur
exchangeable cations are presented in Figure Xchivhore Ca was dissolved when using
reagent grade CaG@ompared to using calcareous sand. When usiggnégrade CaC§)
the dissolution of CaC{yeached a plateau for each extraction techniadcium
concentration from Mehlich 3 leveled off betweenr1BY% CaCQ content. Calcium
concentrations from the NJ@Ac pH 8.1 and NECI methods leveled off around 0.5%
CaCQ, and from NHOACc pH 7 leveled off around 2% CaGOThe different techniques
affect the solubility of CaC@in different magnitudes. The extractable Ca cotregions
from sands amended with reagent Ca@@re nearly double compared with Ca
concentrations from sands amended with calcaresmd sThe extractable Ca concentrations
from the silica + calcareous sand did not reaclagau like the silica sand + reagent CaCO

When measuring the CEC by double extraction (MgINO3; and NaOAc-
NaCl/Mg(NOs),), the CEC ranged from 1.1 to 2.0 cmd@0g" and 1.6 to 3.0 cmoit00g’,
respectively (Figure 2). ECEC values created lmgraing the exchangeable cations ranged
from 0.3 to 23.6 cmolt00g® for NH,OAc pH 7.0, 0.1 to 10.6 cmald0g’ for NH,OAc pH

8.1, 0.1 to 10.2 cmolt00g’ for NH,CI, and 0.1 to 124.1 cmek0g" for Mehlich 3.
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Discussion

Not as much Ca was dissolved when using sand &a€} source compared to
using reagent grade Cag.OThis is to be expected and is attributed toigarsize and
purity. The lab grade CaG@as a finely ground pure powder whereas the saddahmuch
larger particle size and the individual particlés@and-based CaG®robably contained
impurities, both of which are going to cause a pedudissolution rate.

When analyzing silica sand + reagent Cg@@ Ca concentration reached a plateau
that was unique for the different extraction cheatsc

The Mehlich 3 extractant measured similar Ca legetlapared to NH4OAc pH 7.0
when using silica sand + calcareous sand, but \@hatyzing silica sand + reagent CaCO3,
the extractable Ca levels rose nearly 5 times hitffes any other extractant. Mehlich 3
should not be used to measure exchangeable caficatcareous sand samples. Raising the
pH of the industry standard NBAc pH 7.0 procedure to a pH of 8.1 to limit CaCO
dissolution is recommended for arid soils (Suat®86). The NHCI method (Suarez,
1996), which makes corrections for the amount s$alution, had reduced concentrations
exchangeable calcium compared to4MAc ph 7.0 and Mehlich 3. But, due to the labor
involved with several post extraction proceduresdeel to make the alkalinity and sulfate
corrections, it is doubtful that many routine gesting laboratories will adopt this procedure.
Based on the results in this paper, measuring exgetedle basic cations of calcareous or
gypsiferous sand-based samples should be done I@AitHat pH 8.1, because of it reduces

of CaCQ dissolution and its ease of use.
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The affect of CaCe@dissolution was nearly negligible when using aldewextraction
technique like CaGIMgNO3; or NaOAc-NaCl/Mg(NQ), compared to creating an ECEC by
summation of extractable cations. Therefore, tdea® accurate CEC measurements of
calcareous or gypsiferous sand-based samples onblalextracting techniques should be
used and ECEC estimates should be avoided.

Based on this research, exchangeable cations a@ds@&uld be measured separately
for calcareous or gypsiferous sand samples. Rlica sand samples can potentially be
analyzed with any procedure studied in this reseaBut, if the silica sand sample has a
possibility of containing any carbonates or suatben NHOAc pH 8.1 should be used to

measure exchangeable cations and a double extraetbnique for measuring CEC.
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Table 1. List of how sands were created in theraiooy to measure the effects of CaiD

different soil testing procedures.

Treatment % Silica Sand % Amendment  Type of Amendme % CaCQ

1 100 0 Lab-Grade 0

2 99 0.5 Lab-Grade 0.5

3 98 1 Lab-Grade 1

4 97 2 Lab-Grade 2

5 96 3 Lab-Grade 3

6 95 4 Lab-Grade 4

7 90 5 Lab-Grade 5

8 95 10 Lab-Grade 10

9 80 15 Lab-Grade 15
10 75 20 Lab-Grade 20
11 70 25 Lab-Grade 25
12 60 30 Lab-Grade 30
13 99 0.5 Calcareous Sand 0.055
14 98 1 Calcareous Sand 0.11
15 97 2 Calcareous Sand 0.22
16 96 3 Calcareous Sand 0.33
17 95 4 Calcareous Sand 0.44
18 90 5 Calcareous Sand 0.55
19 95 10 Calcareous Sand 11
20 80 15 Calcareous Sand 1.65
21 75 20 Calcareous Sand 2.2
22 70 25 Calcareous Sand 2.75
23 60 30 Calcareous Sand 33

24 0 100 Calcareous Sand 11
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Table 2. List of methods used to determine exceablg cations.

Method Reference
1 0.5M Ammonium Acetate pH 7.0 (NDAc pH 7) Suarez, 1996
2 0.5M Ammonium Acetate pH 8.1 (NJ@Ac pH 8.1) Suarez, 1996
3 0.5M Ammonium Chloride pH 7.0 (NkLI) Suarez, 1996
4 Mehlich 3 Mehlich, 1984
5 Saturated Paste — Water Extract Soil and Plantysisal
Council, 2000

Table 3. List of methods used to determine catiahange capacity (CEC). Summation of
cations to calculate effective cation exchange capéECEC).

Method Reference
1 0.2V CaCh/ 0.9V Mg(NOs)2 Sumner and Miller, 1996
2 0.5 NaOAc — 0.M NaCl / 0.9 Mg(NGOs), Rhoades, 1982

3 Summation of Exchangeable Cations fromJWAc pH 7 Suarez, 1996
4 Summation of Exchangeable Cations from/MAc pH 8.1 Suarez, 1996
5 Summation of Exchangeable Cations fromJSH Suarez, 1996

6 Summation of Exchangeable Cations from Mehlich 3 hii¢ed, 1984
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Table 4. Average Ca concentration from 19 soil semtd samples collected from Ames, IA

according to 4 different soil extracting techniques

Ca
Method mg/kg
Mehlich 3 3100 at
0.5M NH4OAc pH 7.0 2774 ab
0.5M NH4CI 2328 c
0.5M NH4OAc pH 8.1 1853 d

T Means with the same letter are not signifigadifferent
according to Tukey’s multiple comparison error rgpe< 0.05)
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Figure 1: Exchangeable Ca measured from differ@hegtraction methods of sand
samples mixed with increasing volumes of Cag@0Om either reagent-grade
CaCQ (top) or calcareous sand (bottom).
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Figure 2: Plots of the average CEC (top) from GAGINO; and NaOAc-NaCl/Mg(NG).
and ECEC (bottom) from NJDAc ph 7.0, NHOAc pH 8.1, Mehlich 3, and
NH4CI analyses of sand samples with increasing Gdé¢ls from reagent-grade
CaCQ (left) and from calcareous sand (right).
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Basic Cation Saturation Ratio Theory Applied to Sad-Based Putting Greens
RA. &. John, N.E. Christians, H.G. Taber
Abstract

The basic cation saturation ratio theory of sesk interpretation states that calcium
(Ca), magnesium (Mg), and potassium (K) shouldresgnt on the cation exchange sites in
the soil in the following percentages, 65 — 85%, 8% and 1 — 5%, respectively. Golf
course putting greens are often constructed utdia sand-based rootzone. Since sands
generally have a low cation exchange capacity (CE®) possible that the Ca, Mg, and K
cations can occupy the correct ratios within thegzone, and still be deficient. Also, the
validity of these cation ratios has not been thghtyievaluated for creeping bentgrass on
low CEC soil media. The objective of this reseanas to evaluate the BCSR theory for sand
based greens. Twenty eight cation treatments @élyvivarying cation ratios were applied to
'Penncross' creeping bentgra&grpstis stolonifera L.) established on either calcareous or
silica sand. There were no differences in qualritglipping yield among the 28 treatments.
The bentgrass tolerated a wide range of appliedrcattios. Samples from the silica sand
pots had high K saturation percentages, >28% datfitdnd soil extractable K concentrations
were very low, <21 g™ and <1.6 még™, respectively. Dissolution of CaG@&om
calcareous sand samples resulted in Ca saturgte@nsntages all greater than 95%.
Additionally, the silica sand samples had such als@EC that calculated cation saturation
percentages and ratios gave misleading results. CHK ratios of silica sand ranged from
1:1 to 2:1, whereas, according to the BCSR thdabgy should be 13:1 and would call for a
Ca application to correct the ratio. However, l€afconcentrations from silica sand samples

averaged 12.gg* and leaf K concentrations 8.%g”, which according to tissue sufficiency
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levels, indicates high leaf Ca and deficient leabiKd increased K fertilization is needed.
Low CEC sands result in widely varying cation satian ratios that may lead to erroneous
interpretations of soil test results. It is recomaed that the results of BCSR soil testing not
be used as the final determining factor in develggertility systems for sand-based golf
course greens.
Introduction

There are two main concepts of soil test interpicata They are the sufficiency level
of available nutrients (SLAN) and the basic casaturation ratio (BCSR). The SLAN
concept states that there are “definable leveisd¥idual nutrients in the soil below which
crops will respond to added fertilizers with somelgability and above which they likely will
not respond” (Eckert, 1987).

The BCSR theory states that optimal growth ocetren calcium (Ca), magnesium
(Mg), and potassium (K) exist in an ideal ratidaeToriginal theory by Bear and Toth (1948)
stated that the cations must occupy the cationamgh sites in the following percentages,
65% Ca, 10% Mg, 5% K, and 20% H. From these péages, ideal cation equivalent ratios
can be created, Ca:Mg 6.5:1, Ca:K 13:1, Ca:H 3,2tdl Mg:K 2:1 (Bear and Toth, 1948).
Graham (1959) further broadened the theory to dekrange of percentages, 65-85% Ca,
6-12% Mg, 2-5% K. Current recommendations by mamofessional soil testing
laboratories utilize Graham'’s range of percentalgesthere are still many laboratories that
base their recommendations on Bear’s exact catjaivalent ratios. This is currently a
problem in the turfgrass industry, where interpretes using Bear’s exact cation equivalent

ratios are used in the marketing of fertilizer proid. A range of cation equivalent ratios can
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be developed using Graham’s range of percentagésdly provide a better estimate of the
soil's ability to supply elements to the plant (Ta).

The validity of the BCSR theory has been debaktensively since its development.
Many studies have shown that crops can grow irs $lodt have cation ratios outside the
‘ideal soil’ ratios of the BCSR theory. Sartai®gB) concluded that ‘Tifway’ bermudagrass
(Cynodon dactylon (L.) Pers. xCynodon transvaalensis Burtt Davy) and ‘Pennant’ perennial
ryegrassl(olium perenne L.) did not require a precise soil Ca to Mg ratithe growth rate
of bermudagrass was not affected even in the pcesafira 100 to 1 soil extractable Ca to Mg
ratio, (Sartain, 1985). In a study of cotton inskburi, soil Ca:Mg ratios ranging from 2.5:1
to 7.6:1 had no affect on cotton quality or yiekigvens, et al., 2005). Stevens et al. (2005)
went on to state that “the BCSR concept did nowsaony merit for managing cotton fertility
on well-drained Delta soils.” The soil in alfafiald trials in Wisconsin had Ca:Mg ratios of
2.3:1 to 8.3:1 without any impact on alfalfa yi¢®imson et al., 1979).

From their work, Eckert and McLean (1981) stateat the balance of basic cations
was only important when one element became deficiea to an excess of other cations, and
that there is no ideal basic cation saturatiororfati all crops. McLean et al. (1983) went on
to state, "the results strongly suggest that faximam crop yield, emphasis should be
placed on providing sufficient, but non-excesseaxels of each basic cation rather than
attempting to attain a favorable BCSR which evitjetibes not exist.”

The BCSR theory tries to apply ideal ratios tocatips on all soils, whereas the
SLAN concept uses different sufficiency levels didferent crops and soil types. These

SLAN levels have been created from many decadessefirch on all kinds of crops on many
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kinds of soil, whereas the BCSR theory is appleedlt soils and crops based on relatively
little research.

Specialty fertilizer dealers have shown a receter@st in applying the BCSR theory
to a wide range of crops, including turfgrass tbiaisales of their products. Additionally,
many commercial soil testing facilities use the BS@eory for fertilizer recommendations
(McLean, 1977).

The BCSR has another limitation. It is possibl #ven if a soil contains
exchangeable cations in the correct proportionsraatg to the BCSR theory, a nutrient
deficiency can still exist. This is particularlyé in low cation exchange capacity (CEC)
soils, such as those found in golf course greedsspaorts fields, where elements like K can
occupy a high percentage of the CEC sites but ilabe deficient. The BSCR theory is
further complicated when the rootzone media isazalous or gypsiferous. Many times the
soil testing chemical will dissolve CaGOr CaSQ particles and over-estimate exchangeable
cations and thereby CEC. Therefore, more work sigethe done to determine the
usefulness of the BCSR theory on sand-based tsdgygstems.

The objective of this research was to determinleedfBCSR theory applies to

creeping bentgrass established on either calcam@aibca sand-based rootzones.

Materials and Methods
The study was conducted as two repeated greenleapseiments. 'Penncross'
creeping bentgrasag@rostis stolonifera L.) was established from seed on round pots with a
15 cm diameter and 15 cm depth. Pots were eitllet fvith calcareous sand or silica sand.

Half of the pots were filled with a calcareous s#mat had a CEC of 1.9 cmdl00 g* and
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11% CaCQ. The other half of the pots were filled with Acsi sand from Unimin
Corporation, Portage, WI that had a CEC of 1.0 h@0 g*. All plants were allowed to
grow for 12 weeks before treatment application bega

During the first six weeks of the 12 week growmariod, grasses grown on silica
sand were fertilized with a complete nutrient soluthat included Ca, Mg, and K (Pellet
and Roberts, 1963). Grasses grown on calcareods isceived nitrogen (N) and
phosphorus (P) at 1.2mj%week! and 0.2 gn%week" during the first six weeks of the
grow-in period. During the second 6 weeks of tAevieek grow-in period, all grasses were
fertilized with N and P only at levels of 1.2re%-week" and 0.2 gn“week’, respectively
using ammonium nitrate and phosphoric acid. Attertwelve week grow-in period,
treatment application and data collection begancamtinued for another 12 weeks.

A mixtures design was employed to measure diftar@ios of Ca, Mg, K, and H.
Twenty eight treatments were chosen (Table 2). iX&ure design is a set of treatments
chosen specifically to provide good estimates eféfiects of replacing one component with
another and to provide a good estimate of thertreat producing the best response. A
mixture design provides a statistically reasonaldg to understand effects of changing
proportions, when the proportions sum to 100%.ufadL has two graphical representations
of the treatments used in this study comparedddideal soil’ according to the BCSR
theory. The black area represents a region defigesbils that have cations saturating the
exchange sites at 65-85% Ca, 6-12% Mg, and 2-5% K.

Cation nutrient solutions were made using GaRCl,, KCl and HCI. The total
level of cations in the nutrient solution was 10h&€. This nutrient concentration was

chosen based upon concentrations of other completent solutions (Pellet and Roberts,
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1963) and to apply 1/6 of the total exchange capaer week of one pot of calcareous sand.
Table 2 shows the concentration of each elememdiau each nutrient solution. The
solutions were applied weekly on Mondays by ap@yif0 ml of the appropriate nutrient
solution to the corresponding pot. There wererlggpes and 3 replications of each
treatment, 28 treatments, which equals 168 pogsasfs for each of the two experiments, and
336 pots combined total.

The pots of grass were grown in a greenhouse umgde+pressure sodium lamps with
a 14-hour photoperiod and a daily high and low agerof 27 °C and 23 °C, respectively.
Grasses were mowed twice a week at a height ofrh0 Quality ratings were taken bi-
weekly on Wednesdays and were based on a scaltodf,Qvith 9 = best quality, 6 = lowest
acceptable quality, and 1 = worst quality.

Clippings were also collected bi-weekly on Wedngsdand were dried at 67 °C for 6
days, weighed, and ground in a Wiley mill to pdssuigh a 40-mesh screen. After dry
ashing at 490 °C and digesting in aqua-regia,tisstie nutrient concentrations were
determined by using inductively coupled argon plasmission (ICAP) techniques (Jones,
1977; Munter and Grande, 1981) on an IRIS/AP Duwe(mo Jarell-Ash, Franklin, MA)
with a charged injection device (Epperson et &88).

Nitrogen was applied weekly on Fridays at 1.2 gif-week' using ammonium
nitrate. Phosphorus was applied at 3, 6 and 9 svae# rate of 0.2 g+ using
phosphoric acid.

Soil samples were collected 3 times, at the begmnn the middle and at the end of
each experiment. Samples were collected by rermgapproximately 30 g of sand from the

7 cm depth. Exchangeable Ca, Mg, and K were datedrusing 0.5 ammonium chloride
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(NH4CI) pH 7.0 (Suarez, 1996). Cation exchange capa@s estimated by summing the
exchangeable cations to calculate the effectivierc&xchange capacity (ECEC) (Chapman,
1965). Cation ratios and saturation percentages weated from the exchangeable cations
and ECEC values.

Repeated measurements of quality, clipping weighft, nutrient concentration, and
soil nutrient concentration were collected througheach 12 week experiment. Data were
analyzed using the MIXED procedure of the Stattinalysis Software (SAS Institute,
Cary, NC). Contrasts were made between each tezditamd an average of the nine

treatments that fell within the ‘ideal soil’ rangéthe BCSR theory.

Results

There were no differences among quality ratingslipping weights for grasses
grown on either calcareous or silica sand in ggitte widely varying range of Ca, Mg and
K. The leaf Ca concentration increased with insirgaCa application (Tables 3 and 4).
Across both sands, the leaf Ca concentration rafriged7.5 — 17.5 ¢g*and all grasses had
leaf Ca concentrations well above the sufficierasels reported by Mills and Jones (1996)
for creeping bentgrass leaves. Leaf Ca conceotratas less than the average leaf Ca of
grasses from the 9 ‘ideal soil’ treatments, when@a treatment level was less than 40%,
with the exception of grasses receiving treatmbrasd 26 (Table 4). Leaf Mg
concentration data are presented separated byddtsand due to higher order interactions
of date and sand type (Table 5). Across both sdeadsMg concentration ranged from 1.8 —
5.2 gkg™ (Table 6). On some dates, the leaf Mg concentratiffered from the average leaf

Mg concentration of grasses from the nine ‘idedl seatments. Generally, the differences
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occurred when the Mg treatment level was less H8arapplied to both sands (Table 6).
Differences also occurred in grasses grown on padcs sand samples when the Mg
treatment level was greater than 80% and in ssigsaples when the Mg treatment level was
greater than 40% (Table 6). Leaf Mg concentratisase normal to above normal of those
predicted by Mills and Jones (1996) (Table 6). assrboth sands, leaf K concentrations
ranged from 3.87 — 21.34kg™* (Tables 7 and 8). Leaf K concentrations of graggewn on
silica sand were deficient in all treatments tlegerved treatment K percentages of 26% and
lower (Table 8). When the applied K treatment lavas less than 47%, leaf K
concentrations of grasses grown on calcareouswaraldeficient according to sufficiency
levels by Mills and Jones (1996) (Table 8).

The cation saturation percentages differed grdegttween the two sands (Table 9).
Samples from silica sand pots had highly variabléoa saturation percentages and very
high K saturation percentages ranging from 26%38 {Table 9). Samples from the
calcareous sand pots had very high but consistesa@iration percentages ranging from 95
to 98%. Cation ratios also differed greatly betw#ee two sand types (Table 10). The
Ca:Mg and Ca:K ratios for samples from calcare@usls were high and ranged from 22:1
up to 53:1 Ca:Mg and from 64:1 up to 401:1 Ca:Kal{fé 10). Concentrations of soil
extractable calcium and potassium were very lowsémples taken from silica sand pots < 9
mgkg® Ca and < 1.6 mgg’ K (Table 11). Extractable Ca concentrations d¢a@ous
sand samples was very high > 1783kgd.

Discussion
St. John et al. (2001 and 2003) did not see arrgase in leaf Ca concentration in

response to Ca fertilization when investigatingmemental applications of Ca to grasses
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grown on calcareous sands. It is possible thaintreases in Ca in this study were caused
by the higher application frequency used here assiply by these nutrient solutions
containing a more soluble Ca source than the ssw®ed by St. John et al. (2001 and 2003).
However, the leaf Ca concentration of all grasses/g on calcareous sand was high (> 10.5
g-kg?) according to Mills and Jones (1996) even in graghat received no extra Ca
fertilization. The calcareous sand alone was supgimore than enough Ca for proper
growth.

Silica sand samples had very low exchangeablercatincentrations, but yet leaf
concentrations of Ca and Mg were adequate to hiditis is best explained due to the fact
that the cation solutions were applied weeklyis ftrobable that the grasses may have been
receiving most of their cation requirements frora $ioil solution phase and not the
exchangeable fraction.

This research demonstrates several limitationgplyang the BCSR theory to sand-
based turfgrass systems. Firstly, it is possiblat soil sample can have a correct or high
cation saturation percentage, but still be deficierone or several nutrients. Potassium
saturation percentages of silica sand samples vegyehigh, but the actual soil extractable
level and leaf concentrations were deficient.

The second fault of using the BCSR theory for slaaskd putting greens shown in
this research has to do with the nature of howakies and percentages are calculated. The
BCSR theory is based entirely on the extractabiec@oncentrations and the CEC. But
many times, the sands used for putting green agetgin have very low CEC and low
concentrations of extractable cations. There belgreat variability and a high probability

for error, when cation percentages and ratios r@&ted from very small numbers. The silica
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sand samples had such low exchangeable cationswrielCEC values that the cation ratios
were misleading. The Ca:K ratio ranged from 1:2:tg which according to the BCSR
theory would result in a recommendation of suppletaeCa applications to bring the ratio
back closer to 13:1 Ca:K. But, the leaf Ca coneiuns of silica sand were well above
deficiency levels and the leaf K levels were lowjeth would mean that K rather than Ca
should be applied.

The problem with calculating cation ratios and petages is even further
complicated by different soil analysis techniqu&%any solil testing techniques will dissolve
carbonates and sulfates, which will increase thel¢eof exchangeable cations, like Ca or
Mg. Calcium carbonates were dissolved during tredyeis of the calcareous sand samples,
resulting in Ca saturation percentages all grehager 95% saturation. Therefore, the Ca:Mg
and Ca:K ratios were very high, >20:1 and >64:8peetively. With soil-based rootzone
media that is high in clay and organic matter, thésolution problem may not greatly affect
the cation ratios or percentages. But with low Gia€areous sand, carbonate dissolution
can greatly affect the cation ratios and saturgtiencentages of low-CEC calcareous sands.
Both complications resulting from low CEC sands &odh calcareous media probably
resulted in the differences between the applieatinent cation ratios and the measured
cation ratios of the different sands in this study.

Cation ratios and saturation percentages becomaywdriable and erroneous when
using low CEC sand media. Moreover, the ratioobereven more misleading when the
rootzone media is calcareous. Therefore, the B®S&'y of soil test interpretation should
not be used as the sole factor in developing gitast fertility program for sand-based

rootzones that have either a low CEC or are cabcare
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Table 1. Cation saturation percentages and caditbwsrof the current BCSR theory and an

extension of cation ratios based upon Graham’sq)L8&turation percentages.

Exact Cation . Current Cation
Cation . Exact Cation . Possible Range
Saturation Saturation
Equivalent Ratio RatiosT of Cation Ratios
Percentagejé Percentagéos
Ca 65% Ca 65-85%
Ca:Mg 6.5:1 54:1-14:1
Mg 10% Mg 6-12%
Ca 65% Ca 65-85%
Cak 13:1 13:1-425
K 5% K 2-5%
Mg 10% Mg 6-12%
Mg:K 2:1 1.2.1-6:1
K 5% K 2-5%

T Percentages and ratios originally proposed by BedrToth (1948).

? Current range of saturation percentages propogé&tdham (1959).
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Table 2: List of treatments as ideal saturatioc@atages and actual nutrient

concentrations within each solution used in thegheuse mixtures

experiments.

Treatment
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20
5
5
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18
13
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14.6
14.6
0.0
6.1
0.0
115.4
0.0
0.0

11.7

387.1

2.0
0.5
2.0
0.5
2.0
0.5
2.0
0.5
2.0
2.0
0.5
0.5
2.8
2.4
2.2
1.8
1.3
2.0
0.8
0.4
0.2
0.0
0.5
0.0
0.0
0.0
0.0
0.0
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Figure 1: Three and two dimensional representatafrthe treatments used in this study
(gray) compared to the space occupied by the ‘igieidlaccording to the BCSR
theory (black). The axis’ represent the perceturasion of the cation exchange
sites from 0 — 100%. In the two dimensional plotlee right, H would be the Z-

axis coming out of the page and is not shown.

Mg

100% Mg 0% Ca

0% Mg/ . ,100%Ca

100% K 0% K
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Table 3. Type 3 tests of fixed effects of leaf ©aeentration generated by using the Mixed Procedfire
Statistical Analysis Software.

Effect Num df Den df F Value Pr >F
Sand 1 1 17.24 0.1505
Treatment 27 27.1 3.47 0.0009
Sand*Treatment 27 27.9 1.24 0.2851
Date 2 2.01 1.90 0.3440
Sand*Date 2 1 8.78 0.2321
Treatment*Date 54 54.6 1.21 0.2443
Sand*Treatment*Date 54 53 1.13 0.3305

Table 4. Leaf Ca concentrations of creeping besgfartilized at different basic cation saturatiatios. Data
are averaged over sand type and sampling time.fifsh® treatments listed in the table have amlde
basic cation saturation ratio according to the Ba@i®#ry. Each of the remaining treatments was
compared to the average of the 9 ‘ideal’ treatmbwptasing contrast statements. Data averaged over 3
sets of clippings taken at 1, 6, and 12 weeks &#atment initiation.

Treatment Calcareous Sand Silica Sand
Cation Percentages Leaf Ca Leaf Ca
Trt Ca Mg K H gekg? grkg?
13 65 6 1 28 14.25 7.63
14 65 6 5 24 15.16 9.06
15 65 12 1 22 15.23 9.30
16 65 12 5 18 15.33 10.37
17 75 9 3 13 15.08 11.53
19 85 6 1 8 14.50 10.69
20 85 6 5 4 14.38 10.50
21 85 12 1 2 14.42 10.17
22 85 12 3 0 14.96 10.92
1 0 0 80 20 10.49* 10.98*
2 0 0 95 5 10.52* 11.67*
3 0 40 40 20 11.88 13.70*
4 0 47.5 47.5 5 11.47* 12.96*
5 0 80 0 20 13.22 13.11
6 0 95 0 5 12.82 14.53*
7 26.67 26.67 26.67 20 12.50 14.19*
8 31.67 31.67 31.67 5 12.36 13.74*
9 40 0 40 20 12.51* 14.36*
10 40 40 0 20 13.47 12.89*
11 47.5 0 47.5 5 12.36* 12.27
12 475 475 0 5 14.46 13.05
18 80 0 0 20 15.51 13.44
23 95 0 0 5 15.73 14.16
24 95 5 0 0 15.76 14.07
25 0 0 0 0 12.84 11.38*
26 5 95 0 0 13.23 11.50
27 99 0 1 0 14.91 13.43
28 1 0 99 0 11.74* 9.80*
Creeping bentgrass Sufficiency Rangest 50-75
Creeping bentgrass Survey Rangest 21-5.0

* Indicates that this treatment is different frolne taverage of the 9 treatments that have ‘idealchaation
saturation ratios at the 0.05 level.

" Sufficiency Ranges and Survey Ranges for tissugemticontent of creeping bentgrass. The limitstiie
Sufficiency Ranges have been more precisely defived a variety of different growing conditions
compared to the limits of the Survey Ranges (Milisl Jones, 1996).



42

Table 5. Type 3 tests of fixed effects of leaf Mmcentration generated by using the mixed proceafure
Statistical Analysis Software.

Effect Num df Den df F Value Pr >F
Sand 1 1 0.00 0.9632
Treatment 27 27 6.19 <.0001
Sand*Treatment 27 27.1 3.31 0.0014
Date 2 2.12 15.85 0.0532
Sand*Date 2 2 0.85 0.5410
Treatment*Date 54 51 6.83 <.0001
Sand*Treatment*Date 54 57.9 2.07 0.0036

Table 6. Leaf Mg concentrations of creeping bergtgigrown on either calcareous or silica sand isztl at
different basic cation saturation ratios. Thetfrdreatments listed in the table have an idesicba
cation saturation ratio according to the BCSR thedtach of the remaining treatments was
compared to the average of the 9 ‘ideal’ treatmbwptasing contrast statements. Clippings are from
weeks 1, 6, and 12 weeks after treatment initiation

Treatment Calcareous Sand Silica Sand
Cation Percentages Leaf Mg Leaf Mg

Trt Ca Mg K H Date gekg? grkg*
1 2.61 2.81
13 65 6 1 28 6 3.06 2.87
12 3.00 2.51
1 2.60 2.65
14 65 6 © 24 6 2.98 2.63
12 2.96 2.30
1 2.61 2.81
15 65 12 1 22 6 2.99 3.04
12 2.98 2.81
1 2.66 2.77
16 65 12 © 18 6 3.03 2,94
12 3.10 2.56
1 2.73 2.90
17 75 9 & 13 6 3.13 2.96
12 3.10 2.46
1 2.64 2.84
19 85 6 1 8 6 3.04 2.93
12 2.96 2.59
1 2.57 2.63
20 85 6 © 4 6 2.97 2.80
12 2.82 241
1 2.61 2.76
21 85 12 1 2 6 3.15 3.16
12 3.01 2.92
1 2.56 2.82
22 85 12 3 0 6 2.89 3.09
12 3.14 2.89
1 243 2.32

1 0 0 80 20 6 2.38 1.71*

12 2.32* 1.50*
1 2.33 245

2 0 0 95 5 6 2.38 1.67*

12 2.34 1.42*
1 2.53 2.89
3 0 40 40 20 6 2.80 2.85

12 2.86 2.87
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Table 6. Continued.

Treatment Calcareous Sand Silica Sand
Cation Percentages Leaf Mg Leaf Mg
Trt Ca Mg K H Date gekg? gekg?
1 2.60 2.93
4 0 47.5 47.5 5 6 2.92 2.88
12 2.88 2.97
1 2.97 3.61
5 0 80 0 20 6 3.91* 4.92*
12 4.38* 5.29*
1 3.06 4.37*
6 0 95 0 5 6 4.07* 5.50*
12 4.43* 5.85*
1 2.44 2.65
7 26.67 26.67 26.67 20 6 2.84 2.86
12 2.92 2.95
1 2.46 2.71
8 31.67 31.67 31.67 5 6 2.72 2.68
12 2.75 2.90
1 2.40 221
9 40 0 40 20 6 2.42* 1.84*
12 2.45 1.63
10 1 2.83 3.37
40 40 0 20 6 3.33 3.98*
12 3.60 3.84*
1 2.36 2.46
11 47.5 0 475 5 6 2.31* 1.83*
12 2.16* 1.62*
1 2.79 3.72*
12 47.5 475 0 5 6 3.40 4.27*
12 3.49 4.22*
1 2.67 2.65
18 80 0 0 20 6 2.95 2.40
12 3.02 2.09
1 2.73 2.48
23 95 0 0 5 6 2.83 2.40
12 2.81 2.10
1 2.63 2.72
24 95 5 0 0 6 3.06 2.75
12 3.11 2.37
0 1 2.56 2.32
25 0 0 0 6 3.07 1.87*
12 2.97 1.90*
1 2.99 4.02*
26 5 95 0 0 6 3.91* 5.54*
12 4.14 5.93*
1 2,57 2.34
27 99 0 1 0 6 2.89 2.28
12 2.79 1.87*
1 2.45 242
28 1 0 99 0 6 2.22* 1.72*
12 2.11* 1.49*
Creeping bentgrass Sufficiency Rangest 25-3.0
Creeping bentgrass Survey Rangest 09-2.2

* Indicates that this treatment is different frolne taverage of the 9 treatments that have ‘idealichzation
saturation ratios at the 0.05 level.

" Sufficiency Ranges and Survey Ranges for tissugemtittontent of creeping bentgrass. The limitsttfe
Sufficiency Ranges have been more precisely defoved a variety of different growing conditions
compared to the limits of the Survey Ranges (Miltsl Jones, 1996).
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Table 7. Type 3 tests of fixed effects of leafdhcentration generated by using the mixed proceoifure
Statistical Analysis Software.

Effect Num df Den df F Value Pr >F
Sand 1 1 1.13 0.4811
Treatment 27 27 18.54 <.0001
Sand*Treatment 27 27 23.40 <.0001
Date 2 2 0.90 0.5250
Sand*Date 2 2 0.94 0.5143
Treatment*Date 54 52.4 3.60 <.0001
Sand*Treatment*Date 54 52.2 0.95 0.5715

Table 8. Leaf K concentrations of creeping bentggswn on either calcareous or silica sand feetiat
different basic cation saturation ratios. Thetfardreatments listed in the table have an idesicha
cation saturation ratio according to the BCSR thedtach of the remaining treatments was compared
to the average of the 9 ‘ideal’ treatments by usirthogonal contrasts. Data averaged over 3 $ets o
clippings taken at 1, 6, and 12 weeks after treatrimétiation.

Treatment Calcareous Sand Silica Sand
Cation Percentages Leaf K Leaf K

Trt Ca Mg K H gekg? grkg?

13 65 6 1 28 9.52 4.05

14 65 6 5 24 9.78 5.77

15 65 12 1 22 9.08 4.68

16 65 12 5 18 9.43 5.55

17 75 9 3 13 9.18 4.60

19 85 6 1 8 8.72 4.77

20 85 6 5 4 9.49 5.64

21 85 12 1 2 8.94 4.34

22 85 12 3 0 9.29 5.18

1 0 0 80 20 16.47* 20.82*
2 0 0 95 5 17.00* 21.36*
3 0 40 40 20 13.49 15.32*
4 0 47.5 47.5 5 14.49* 16.99*
5 0 80 0 20 9.11 4.70

6 0 95 0 5 8.29 4.34

7 26.67 26.67 26.67 20 13.05 12.60*
8 31.67 31.67 31.67 5 13.05 13.09*
9 40 0 40 20 13.95 16.00*
10 40 40 0 20 8.04 4.06
11 475 0 47.5 5 14.12 17.00*
12 475 47.5 0 5 8.28 3.94
18 80 0 20 8.17 4.20
23 95 0 0 5 8.37 4.20
24 95 5 0 0 8.17 4.11
25 0 0 0 0 8.11 4.36
26 5 95 0 0 8.71 3.87
27 99 0 1 0 9.23 4.60
28 1 0 99 0 16.78* 20.39*

Creeping bentgrass Sufficiency Rangest 22-26
Creeping bentgrass Survey Rangest 8.6 — 26

* Indicates that this treatment is different frolne taverage of the 9 treatments that have ‘idealchaation
saturation ratios at the 0.05 level.

" Sufficiency Ranges and Survey Ranges for tissugemtittontent of creeping bentgrass. The limitsttfe
Sufficiency Ranges have been more precisely defoved a variety of different growing conditions
compared to the limits of the Survey Ranges (Milisl Jones, 1996).
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Table 9. Average measured cation saturation peageatof calcareous or silica sands
samples from pots established with creeping bessgieceiving various cation
nutrient solutions.

Trt Treatments Calcareous Sand Silica Sand

Ca Mg K %Ca %Mg %K %Ca %Mg %K
1 0 0 80 96 3 1.2 34 0 66
2 0 0 95 96 2 1.4 33 1 65
3 0 40 40 97 2 0.2 68 5 28
4 0 475 47.5 96 3 0.7 40 7 52
5 0 80 0 96 4 0.5 21 7 73
6 0 95 0 95 5 0.7 53 22 26
7| 26.67 26.67 26.67 97 3 0.6 47 5 48
8| 31.67 31.67 31.67 97 3 0.7 57 5 38
9 40 0 40 97 2 1.1 58 0 42
10 40 40 0 97 3 0.8 53 6 41
11| 475 0 475 97 2 1.0 54 0 46
12| 475 475 0 97 3 0.4 49 7 44
13 65 6 1 98 2 0.4 32 1 68
14 65 6 5 99 2 0.5 42 1 57
15 65 12 1 98 2 0.3 66 2 32
16 65 12 5 97 2 0.8 33 3 65
17 75 9 3 97 2 0.7 52 2 46
18 80 0 0 98 2 0.5 61 1 38
19 85 6 1 97 2 0.4 37 3 60
20 85 6 5 97 2 0.8 57 3 40
21 85 12 1 98 2 0.6 22 10 68
22 85 12 3 97 2 0.5 53 2 45
23 95 0 0 98 2 0.5 59 0 42
24 95 5 0 97 2 0.6 46 4 51
25 0 0 0 97 2 0.7 40 0 59
26 5 95 0 95 4 0.5 20 20 60
27 99 0 1 97 2 0.5 47 0 53
28 1 0 99 96 2 1.5 50 3 48
‘Ideal Soil' Saturation Percentages 65-85% 6-12% 5%- | 65-85% 6-12% 1-5%




Table 10. Average cation ratios measured from catees or silica sand samples from pots
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established with creeping bentgrass receiving uaraation nutrient solutions.

Treatments Calcareous Sand Silica Sand

Trt Ca Mg K Ca Ca:Mg CakK Mg:K CaMg CaK MgK

1 0 0 80 0 38:1 81:1 2:1 dla  1:1 n/a

2 0 0 95 0 41:1 70:1 2:1 23:1 11 0.0:1

3 0 40 40 0 37:1 401:1 11:1 14:1 2:1 0.2:1

4 0 47.5 475 0 331 131:1 4:1 6:1 1:1 0.1:1
5 0 80 0 0 25:1 184:1 71 31 0:1 0.1:1

6 0 95 0 0 20:1 145:1 71 2:1 2:1 0.9:1

7 26.67 26.67 26.67 26.6 37:1 162:1 4:1 9:1 1.1 1:10.

8 31.67 31.67 31.67 31.67 39:1 142:1 4:1 11:1 1:1 .1:10

9 40 0 40 40 48:1 89:1 2:1 n/a 11 n/a

10 40 40 0 40 37:1 126:1 3:1 9:1 11 0.1:1

11 47.5 0 475 475 49:1 102:1 2:1 220:1 1.1 0.0:1
12 47.5 47.5 0 475 32:1 263:1 8:1 71 1:1 0.2:1
13 65 6 1 65 50:1 240:1 5:1 50:1 0:1 0.0:1

14 65 6 5 65 51:1 204:1 4:1 47:1 1.1 0.0:1

15 65 12 1 65 52:1 362:1 71 42:1 2:1 0.0:1
16 65 12 5 65 45:1 121:1 31 12:1 1.1 0.0:1
17 75 9 3 75 46:1 138:1 31 35:1 1.1 0.0:1
18 80 0 0 80 48:1 206:1 4:1 52:1 2:1 0.0:1
19 85 6 1 85 46:1 222:1 5:1 13:1 11 0.0:1
20 85 6 5 85 51:1 129:1 31 22:1 1.1 0.1:1
21 85 12 1 85 51:1 165:1 31 2:1 0:1 0.1:1
22 85 12 3 85 47:1 189:1 4:1 23:1 1:1 0.1:1
23 95 0 0 95 53:1 190:1 4:1 n/a 1:1 n/a
24 95 5 0 95 48:1 158:1 31 12:1 1.1 0.1:1
25 0 0 0 0 46:1 132:1 31 146:1 1.1 0.0:1

26 5 95 0 5 22:1 196:1 9:1 1.1 0:1 0.3:1

27 99 0 1 99 49:1 185:1 4:1 n/a 1.1 n/a
28 1 0 99 1 43:1 64:1 1.1 19:1 1:1 0.1:1

‘Ideal Soil’ Cation ratios 6:5.1 13:1 2:1 6.5:1 13: 21

"n/a. Not able to be calculated since Mg percaniration was 0 for these treatments.
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Table 11. Soil extractable cations from calcareansilica sands. Soil test designations
are also listed.

Treatments Calcareous Silica
Trt Ca Mg K H Ca Mg K Ca Mg K
% of CEC mgekd
1 65 6 1 28 1919.50 30.46 45.58 5.54 20.81 0.00
2 65 6 5 24 1943.93 28.37 54.39 4.77 23.21 0.13
3 65 12 1 22 1824.52 29.89 8.84 3.71 8.47 0.19
4 65 12 5 18 1789.00 33.43 28.20 6.93 17.61 0.75
5 75 9 3 13 1968.72 46.96 20.81 5.19 33.26 0.77
6 85 6 1 8 1881.34 56.11 25.86 2.43 9.27 0.26
7 85 6 5 4 1905.20 31.15 22.83 6.83 18.89 0.29
8 85 12 1 2 1908.93 29.59 28.07 6.34 16.07 0.69
9 85 12 3 0 1904.71 23.44 41.83 3.45 8.89 0.00
10 0 0 80 20 2025.36 32.35 31.14 6.48 15.94 0.60
11 0 0 95 5 1896.11 23.08 36.42 7.36 22.97 0.04
12 0 40 40 20 1794.51 32.96 13.41 6.80 16.65 0.58
13 0 47.5 47.5 5 1884.32 22.44 16.33 7.13 25.77 0.07
14 0 80 0 20 1885.42 22.21 19.14 6.20 19.20 0.08
15 0 95 0 5 1836.06 21.06 10.19 5.30 8.57 0.09
16 26.67 26.67 26.67 20| 1981.81 26.48 31.62 8.53 30.31 0.30
17 31.67 31.67 31.67 5 1954.33 25.27 27.95 8.84 18.07 0.16
18 40 0 40 20 1793.41 22.59 17.84 6.21 10.93 0.08
19 40 40 0 20 1965.61 25.26 17.89 7.89 21.10 0.29
20 47.5 0 47.5 5 2010.21 23.78 30.44 6.74 15.51 0.27
21 47.5 47.5 0 5 2012.16 23.62 24.10 5.23 24.38 1.64
22 80 0 0 20 1894.47 23.90 19.82 6.35 18.72 0.16
23 95 0 0 5 1931.06 21.99 20.47 6.90 17.13 0.00
24 95 5 0 0 2022.76 25.29 25.33 6.85 16.10 0.39
25 0 0 0 0 1995.59 26.33 29.33 5.03 18.07 0.02
26 5 95 0 0 1850.98 50.25 18.09 3.22 15.91 0.30
27 99 0 1 0 1907.66 23.22 19.80 8.99 22.53 0.00
28 1 0 99 0 1971.29 27.35 60.04 5.58 21.33 0.22
: S cd K’ Mg’
sol Tesr:]g%g”at'o”s Low <250 41175 <20
Very Low <40

" Values taken from Christians (2004). K conceiurat less than 40 mgsRaare classified as having ‘very

low extractable K. K concentrations between 4 &5 mgekd are classified as having ‘low’ extractable

K.

* Values taken from Puhalla, et al., (1999). Qacentrations less than 250 mgékare classified as having

‘low’ extractable Ca. Mg concentrations less th@m&y+kg' are classified as having ‘low’ extractable Mg.
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General Conclusions

The presence of CaG@an greatly affect the results of various soilitgstechniques
for measuring exchangeable basic cations and fouleéing effective cation exchange
capacities (ECEC). Of the procedures examinebdigresearch, the NjdAc pH 8.1
appears to be the best extractant for measuringaegeable cations from calcareous or
gypsiferous sand samples. The NH4OAc pH 8.1 teglnhad the lowest rates of
dissolution of CaCg) but it still dissolved appreciable quantitiesG#CCG found in this
media. Therefore, calculating an ECEC by summatiogxchangeable cations measured
from any of the procedures evaluated in this resgancluding NHOAc pH 8.1 is not
advised for samples from calcareous or gypsifesamsls. To accurately measure CEC of
calcareous or gypsiferous sand samples, a doubikecérn technique should be used.

Sands used for putting green or sports field canstin often have a very low CEC.
Measuring small differences in CEC by using différgoil-testing techniques may not
provide useful information to the turfgrass managet may result in erroneous fertilizer
recommendations. It is not necessarily importaat & turf manager knows if the root zone
media has a CEC 1 or 7. But, it is more imporfanthe turf manager to understand the
limitations of low CEC media when developing aifgytprogram by using small, frequent
applications of fertilizers, known as spoon-feediagd using slowly-available fertilizer
sources. However, using more complicated doubi@etion techniques for measuring
small differences in CEC can be important when cetidg research or trying to compare
rootzone media from different locations. And, aatet CEC measurements using double

extraction techniques should also be used whematrad the statements of consultants and
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specialty fertilizer companies that claim to haveducts which have the ability to modify
the CEC of a soll.

From this research, it appears that creeping basggran tolerate a wide range of
basic cations in soil solution. We were unablddétermine an exact set of cation ratios for
creeping bentgrass established on sands. But, prablems applying the BCSR theory to
sand-based greens were noted.

This research demonstrated one of the problemsionfjithe BCSR theory, in that it
is possible to have nutrient deficiencies even @ihatine cations exist in the correct or even
high percentages of the CEC. Silica sand samplésigh K cation saturation percentages,
which under the BCSR theory of soil test interpretawould call for additional Ca. But, the
soil extractable K and leaf tissue K concentratiese deficient within many treatments
indicating a need for additional K. Although n@gth or quality issues were observed
within the 12 weeks of these experiments, it idbpide that problems would eventually
occur, if these conditions were to continue.

Using the BCSR theory for low CEC sand-based misdwarther complicated when
sands have low CEC values and exchangeable catimewtrations. Cation ratios and
percentages created from these low numbers carmgveayly and can easily change.
Furthermore, ratios and percentages are going &rbaeous when created from values
generated from a solil testing method that dissadeglsonates or sulfates.

For high sand, low CEC rootzones used for puttireggs and sports fields, the
BCSR theory does not appear to be applicable amadimot be used alone to make fertility

recommendations.
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APPENDIX 1

TURFGRASS TISSUE NUTRIENT RANGES

Table 1. Sufficiency Ranges for tissue nutrientteat of creeping bentgrassofostis
palustris), Bermudagrassdynodon dactylon), Perennial ryegras&glium perenne),
and St. AugustinegrasSténotaphrum secundatum). And Survey Ranges for
Kentucky bluegrasdPpa pratensis), Creeping bentgrass , Tall Fescheuca
arundinacea), and Zoyisiagras<ysia japonica ‘El Toro’). The limits for the
Sufficiency Ranges have been more precisely defoved a variety of different
growing conditions compared to the limits of thex®y Ranges.

Sufficiency and Survey Ranges
Ca N P K Mg Mn

gkg? mgkg™
Sufficiency Ranges
Creeping bentgrass 50-75 45-60 3.0-6.0 Z2Z2-25-3.0 50-100

Bermudagrass 35-10 23-50 15-50 10-40-%8 25-300
Perennial ryegrass 25-51 33-51 35-55 24-16-32 30-73
St. Augustinegrass 30-50 19-30 20-50 29-15-25 40-250

Survey Ranges
Kentucky bluegrass 27-58 25-51 27-40 30- 13-16 30-160

Creeping bentgrass 21-50 24-83 20-55-8b 09-2.2 30-160
Tall Fescue 40-45 34-47 34-50 30-40 -28 54-74

Zoysiagrass 42-52 19-22 18-26 11-15-135 26-31

" Values from Mills, H.A. and J.B. Jones, Jr.. 19%8ant Analysis Handbook 1.
Micromacro Publishing, Athens, GA. p. 347 - 353.
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APPENDIX 2

SOIL TEST RANGES

Table 1. Soil test designations for 10 differeutrients in turfgrass soils.

Nutrient Po'li\r;crjes per mgkg™ ¥ Designation
Phosphoru$ <10 <5 Very Low
12 -20 6-10 Low
20 - 40 10-20 Adequate
>40 >20 High
Potassiurt <80 <40 Very Low
81 - 350 41 -175 Low
350 - 500 175 - 250 Adequate
>500 >250 High
Calcium <500 <250 Low
Magnesium <40 <20 Low
Sulfur’ <15 <75 Low
15-50 8-25 Medium
>50 >25 High
Boron' <0.5 <0.25 Low
0.5-1.5 0.25-0.75 Medium
>1.5 >0.75 High
Coppet <0.5 <0.25 Low
05-5 0.25-5 Medium
>5 >2.5 High
Iron’ <15 <7.5 Low
15-120 7.5-60 Medium
>120 >60 High
Manganese <10 <5 Low
10-50 5-25 Medium
>50 >25 High
zZinc' <2 <1 Low
2-5 1-25 Medium
>5 >2.5 High

2 Values taken from Christians, N.E. 1998. Fundatais of turfgrass management. Ann
Arbor Press, Inc. Chelsea, MI. p. 109

" Values taken from Puhalla, J., J. Krans, and batély. 1999. Sports fields: A manual
for design, construction, and maintenance of sgmigs. Ann Arbor Press, Chelsea, MI.
p. 41.

* Assuming that an acre-furrow slice weighs 2 millpounds.
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Table 2. Typical soil test SLAN sufficiency ranges macronutrients using common

extractants.
SLAN RANGES
Nutrient Soil’ Medium sufficiency Extractant
range (ppm)
Phosphorug All 15-30 Mehlich |
All 26-54 Mehlich I
All 15-30 Bray P1
All 12-28 Olsen
All 10-20 Morgan
Potassium Sands 75-175 MdAC (pH7.0)
Others 100-235 NMDAc (pH7.0)
Sands 50-116 Mehlich 11l
Others 75-176 Mehlich 1lI
Sands 50-100 Mehlich |
Others 90-200 Mehlich |
All 155-312 Olsen
All 120-174 Morgan
Calcium Al 200-350 Mebhlich |
Al 500-750 Mehlich 11
All 500-750 NH,OAc (pH7.0)
All 500-750 Morgan
Sands 30-60 Mehlich |
Others 50-100 Mehlich |
Sands 60-120 Mehlich 11l
Others 70-140 Mehlich 1lI
Sands 100-200 N Ac (pH7.0)
Others 140-250 NMDAc (pH7.0)
All >100 Morgan
All 10-20 Ca(HPQy),
All 30-60 NH,OAc (pH7.0)
All 15-40 Mehlich Ill

Note. The values in this table are from many sauecel are typical. A particular laboratory may viaoyn these
[ankings for local soil conditions.

Soils that have high CEC (>15 cmol/kg) may exhabitigher “medium” sufficiency range. The “medium”
sufficiency range in this table is based on samasher soils with CEC <15 cmol/kg.

TOn sites receiving irrigation water high in sodithe upper level of the sufficiency range shouldibed as a
guideline (for example, for Mehlich 11, this woulsk 750ppm calcium or higher).

Values from Carrow, R.N., L. Stowell, W. Gelernt8r,Davis; R.R. Duncan, and J.
Skorulski. 2004. Clarifying soil testing: 11l. SIMsufficiency ranges and
recommendations. Golf Course Management, Jan 28004.98.
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